In chronic inflammatory conditions, endothelial cells actively recruit immune cells from the circulation into the underlying tissue and participate in angiogenesis to support the continuous demand for oxygen and nutrients. They do so in response to activation by cytokines and growth factors such as tumour necrosis factor α (TNFα), interleukin-1 (IL-1), vascular endothelial growth factor (VEGF), and fibroblast growth factors (FGFs). Receptor triggering initiates intracellular signal transduction leading to activation of nuclear factor κB (NFκB), mitogen activated protein kinase (MAPK) activity, and nitric oxide and reactive oxygen species production, among others. As a result, adhesion molecules, cytokines and chemokines, and a variety of other genes are being expressed that mediate and control the inflammatory process. In recent years, different classes of drugs have been developed that interfere with selected enzymes involved in the intracellular signalling cascades. In endothelial cell cultures, they exert potent inhibitory effects on the expression of genes, while several studies also report on in vivo effectiveness to confine the inflammatory responses. To prevent undesired toxicity and to improve drug behaviour and efficacy, drug carrier systems have been developed that selectively deliver the therapeutics into the activated endothelial cells. The above subjects are recapitulated to give an overview on the status of development of endothelial cell directed therapeutic strategies to pharmacologically interfere with chronic inflammatory diseases.
INTRODUCTION
In recent years, knowledge regarding endothelial cell (dys)function in physiological processes and pathophysiological conditions has greatly increased. Extensive effort in this area of research is dedicated to the development of drugs that can selectively inhibit endothelial cell activation for the treatment of chronic inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease and atherosclerosis. An increased understanding of intracellular signalling pathways during cell activation has led to a shift from development of antibodies and peptides that block specific molecules controlling leukocyteendothelial cell interaction to small chemical entities that affect endothelial cell activation. A new advance is furthermore the development of so called vascular drug targeting strategies that aim to increase specificity of the newly developed drugs. Incorporation of drugs in carrier systems can facilitate selective targeting, resulting in reduced side effects of the highly potent and often intrinsically toxic drugs. In this review, we summarise current knowledge on molecular signalling pathways involved in endothelial cell activation during inflammatory processes and inflammation associated angiogenesis. Drugs identified to interfere with gene expression driven by these pathways and developments in vascular drug targeting strategies for the treatment of chronic inflammation are discussed. Although many of the drugs discussed have been studied for their effects on other cell types as well, cell type specific regulatory mechanisms do not allow simple extrapolation from one cell type to the other. Therefore, this review will focus on observations in primary endothelial cells and endothelial cell lines in vitro, and on endothelial cell related effects observed in vivo.
ENDOTHELIAL CELL FUNCTION IN HEALTH AND DISEASE
The blood vessels in our body are highly heterogeneous with regard to architecture and function. The larger blood vessels that consist of endothelium, smooth muscle cells, connective tissue and elastic elements, transport blood through the body. The endothelium is actively involved in blood pressure control via, among others, release of the vasodilator prostacyclin and the vasorelaxant gas nitric oxide as well as the production of vasoconstrictors including endothelin-1 and the arachidonic acid metabolites thromboxane A2 and prostaglandin H2 [1] .
In the microva scular bed of organs, the endothelial cells in general reside on a basal lamina and are only supported by sparsely distributed pericytes that cover the endothelium with finger-like protrusions. Pericyte presence is a prerequisite for vessel maturation and proper vascular function, since loss of pericytes correlates with endothelial hyperplasia and increased endothelial permeability, among others [2, 3] .
Endothelial cells exert four main functions while in addition organ-specific activities can be attributed to endothelial cells in their respective microvascular beds. First of all, they function as a (semipermeable) barrier for transport of soluble molecules. Furthermore, the endothelium maintains haemostatic balances via the production of procoagulants (von Willebrand factor, Tissue Factor) and the fibrinolytic plasminogen activator inhibitor-1, coagulation inhibitors thrombomodulin and Tissue Factor pathway inhibitor, and tissue type and urokinase-type plasminogen activator. Other factors including thrombin, antithrombin and heparan sulphate proteoglycans, platelet activating factor and platelet factor-4 also play a prominent role in haemostatic control by the vessel wall in conditions of physical damage and cellular stress [1] .
Coordinated recruitment of leukocytes, including lymphocytes, monocytes and neutrophils, into underlying tissue, and active participation in neovascularisation processes during inflammatory processes and malignant growth are other essential tasks of endothelial cells (Fig. 1 ) [4] . In most microvascular beds except those of spleen, lungs and liver, the postcapillary venule endothelium interacts with leukocytes to facilitate migration into tissues [5] . Atherosclerosis is an exception as this disease is characterised by monocyte transmigration over the macrovascular aortic wall following initial lipoprotein entrapment in the subendothelial matrix [6] . In inflammation, activation of endothelial cells results in intracellular signalling pathways as described below. Consequently, the endothelial cells produce, in a strictly regulated fashion, a series of cell adhesion molecules, chemokines and cytokines, which guide leukocytes into underlying tissue and co-stimulate them to become fully activated. Ongoing leukocyte recruitment, cellular activation Fig. (1) . The role of endothelial cells in leukocyte recruitment and neovascularisation during chronic inflammatory diseases. A: Top: schematic representation of the interaction between leukocytes and endothelium mediated by cell adhesion molecules (transiently) expressed on both cell types. Bottom: microscopic detail of a Crohn's disease lesion in the human colon, where excessive leukocyte infiltration into the tissue parenchyma resulted in tissue destruction. B: Top: schematic representation of the behaviour of endothelial cell under the influence of an angiogenic stimulus. After activation, the basal lamina is degraded by the endothelial cells that subsequently migrate into the underlying tissue, proliferate and maturate into a new vessel. For clarity, other cells types involved in these processes, including pericytes, fibroblasts, and immune cells, are not depicted. Bottom: microscopic detail of a Crohn's disease lesion in the human colon where the inflammatory response is accompanied by excessive neovascularisation. (Microscopic pictures: courtesy Dr. G. Dijkstra, Dept. Gastroenterology, University Hospital Groningen) Abbreviations: EC: endothelial cell; IgSF: immunoglobulin super family; sLe x : sialyl Lewis X.
and cell death induction all put a heavy demand on the local oxygen supply, leading to new blood vessel formation. This active role in maintaining a chronic inflammatory status and their easy accessibility for blood borne drugs make the endothelium an attractive target cell for therapeutic intervention.
SIGNAL TRANSDUCTION PATHWAYS AND GENE EXPRESSION IN ENDOTHELIUM
The focus of this review is on intracellular signalling cascades in endothelial cells that are active during chronic inflammatory diseases and that can be pharmacologically interfered with. TNFα and IL-1 represent the two proinflammatory cytokines that have been most extensively studied in this respect. Occasionally referral will be made to the effects of lipopolysaccharide (LPS, or endotoxin). Besides inducing TNFα production when administered in vivo, LPS can directly activate endothelial cell signalling via intracellular signal transduction pathways comparable to those reported for TNFα and IL-1. As the pro-angiogenic factors VEGF and FGF-2 are also prominently involved in endothelial cell activation during inflammation [7] , signal transduction pathways relayed via their respective receptors will be discussed as well. Furthermore, interactions with blood borne cells can influence the status of the endothelial cells by affecting gene expression and consequent cellular function. Understanding the pathways involved in cellular responses to these stimuli during inflammatory disease initation and progression forms the basis for the rational development of (targeted) therapeutic strategies.
Intracellular Signalling Mediated by Pro-Inflammatory Cytokines
Cytokines and growth factors are produced as soluble extracellular (glyco)proteins or are released from storage in the extracellular matrix (ECM) in response to different stimuli. They affect the activation status of endothelial cells per se by receptor-mediated activation of intracellular signalling cascades resulting in changes in gene expression.
One of the first steps in the immune response in inflammation is cytokine-mediated activation of endothelial cells. Within minutes, the endothelial cells secrete P-selectin that is stored in Weibel-Palade bodies, and start to produce E-selectin, the counter ligand for sialyl LewisX on the leukocytes. Also, vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecules ICAM-1, -2, and -3, members of the immunoglobulin superfamily and receptors for leukocyte expressed integrins Very Late Antigen (VLA)-4 and Leukocyte Function Antigen (LFA)-1, respectively, are upregulated upon activation by proinflammatory cytokines. Together with cytokines and chemokines such as IL-6, IL-8 and Fraktalkine, cell adhesion molecules actively initiate leukocyte -endothelial cell contact and facilitate subsequent rolling, activation and transendothelial migration of the leukocytes. Different leukocyte subsets employ different combinations of adhesion molecules, cytokines, and chemokines for rolling and transendothelial migration, while also heterogeneity in endothelial behaviour affects the combinations required [8] .
In vitro studies demonstrated a role for both LFA-1 and VLA-4 in T lymphocyte transendothelial migration, while neutrophil transmigration is mainly controlled by LFA-1. Whereas chemokine activated T-lymphocytes could interact with resting human umbilical vein endothelial cells (HUVEC) via LFA-1 / ICAM-1 interaction, VLA-4 involvement required additional endothelial cell activation [9] . Monocytes, on the other hand, can use an ICAM-1 / ICAM-2 independent pathway employing β2 integrin Mac-1 for transendothelial migration [10] . In vivo, P-and Eselectin, and VLA-4 were shown to be essential for memory T lymphocyte rolling onto activated skin endothelium, while E-selectin and VLA-4, but not P-selectin were important for lymphocyte infiltration into the skin tissue [11] . These differential and overlapping functions of cytokines, chemokines, and adhesion molecules on inflammatory leukocyte recruitment demonstrate the complexity of control of leukocyte -endothelial cell interactions in disease.
Pro-inflammatory cytokines also affect endothelial haemostatic properties. For example, they induce the expression of one of the main initiators of the extrinsic pathway of blood coagulation, Tissue Factor, thereby inducing a pro-coagulant state [1] . In addition, Ludwig and colleagues recently put forward a role for activated platelets in facilitating leukocyte -endothelial cell interactions as a potential mechanism in leukocyte recruitment [12] . In a model of chronic skin inflammation, platelets form aggregates with leukocytes via platelet P-selectin -leukocyte P-selectin glycoprotein ligand-1 (PSGL-1) interaction. In the skin microvasculature, the aggregates subsequently interact with the endothelium via platelet GPIIb/IIIa integrinendothelial ICAM-1 and / or platelet PSGL-1 -endothelial P-selectin. This may enhance overall leukocyte rolling and facilitate the inflammatory process.
TNFα Induced Signalling in Endothelial Cells
TNFα is mainly produced by cells of haematopoietic origin. It is formed as type II transmembrane protein in which the receptor-binding moiety is located in the Cterminal part of the extracellular domain. TNFα is released after disintegrin and metalloproteinase cleavage of the "spacer" region that links the receptor-binding and transmembrane parts [13] . The soluble and receptor-binding form of TNFα exists as a trimer, and as such it reacts with TNF receptor-1 (TNFR1) and TNFR2.
In endothelial cells, as in most other cells in the body, TNFα-induced effects are mediated by TNFR1 [14] . After binding to TNFR1 on the endothelial cells, TNFα activates multiple pathways that lead to an inflammatory status of the endothelial cell (Fig. 2) [15] . TNFR1 activation provides a docking site for accessory proteins TNFR associated factor 2 (TRAF2) and TNFR1-associated death domain TRADD that form the branching point for the pro-inflammatory and proapoptotic signalling pathways [13] . NFκB inducing kinase NIK activates inhibitor of κB (IκB) kinases IKKα and IKKβ to guide the signal transduction relay system towards activation of the transcription factor Nuclear Factor κ B (NFκB) [16] . IKKs form a catalytic subunit responsible for phosphorylation, site-specific ubiquitinylation and subsequent proteasomal degradation of IκB. Moreover, IKKα itself can activate the expression of NFκB responsive genes upon cytokine stimulation of cells [17] . Whether this direct IKKα driven gene expression also takes place in endothelium needs to be established. The IKK complex furthermore contains a regulatory subunit called NFκB essential modulator (NEMO) or IKKγ that has also been studied as a target molecule for therapeutic purposes [18] . Upon degradation of IκB, the nuclear localisation sequence of NFκB, a dimer usually consisting of p65 (RelA) and p50 (NFκB1), targets the protein into the nucleus. Here NFκB binds to DNA and upon interaction with co-activators and other components of the gene transcription machinery, it activates transcription of a range of inflammatory genes. Besides being controlled by IKK activity, reactive oxygen species prominently affect NFκB activity [19] . Following TNFα induced NFκB activation, endothelial cells express functionally related genes, including the pro-inflammatory adhesion molecules E-selectin, ICAM-1, and VCAM-1, cytokines IL-6 and IL-8, cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS), among others [14, 20] . In parallel, genes involved in cell signalling and apoptosis/cell proliferation control are downregulated [21] . The induction of IκB gene transcription and translation by NFκB, and IKKβ autophosphorylation in its inhibitory loop both represent feedback mechanisms that ensure that NFκB dependent transcription is only transiently activated upon stimulation [22] . Enhanced nuclear localisation of NFκB in endothelium in rheumatoid arthritis and Crohn's disease has been reported [23, 24] .
Besides inducing a pro-inflammatory status, NFκB signalling also leads to the expression of so called protective genes. It is assumed that for the purpose of maintaining integrity, these protective genes prevent the endothelium from going into apoptosis upon activation. At the same time, they down-regulate the endothelial pro-inflammatory response. Protective genes that are expressed by endothelium under stress conditions include the zinc finger protein A20 and the bcl-related gene A1 [25] . Furthermore, inducible hemeoxygenase-1 (HO-1), involved in heme catabolism, was shown to antagonise inflammation by inhibiting NFκB and activated protein-1 (AP-1) transcription factor driven gene expression in human pulmonary artery endothelium [26] . Several reports have also implicated control of COX-2 enzyme activity by HO-1 in endothelial cells, the exact consequences of which on cell function are by now unknown [27, 28] . One of the downstream targets of TNFα induced phosphoinositol-3 (PI3) kinase is the serine/threonine protein kinase Akt, which also plays an important role in endothelial cell anti-apoptosis signalling [29] . In bovine carotid artery endothelial cells, for example, PI3 kinase/Akt signalling attenuated caspase-8 activity, whereas MAPK signalling controlled by MAPK-kinase MEK-1 impaired caspase-9 activity [30] .
MAPK also becomes activated in endothelium upon TNFα activation. The 3 major MAPK signalling pathways at present known are the extracellular-regulated protein kinase (ERK) pathway, the c-Jun NH 2 -terminal kinase (JNK) pathway, and the p38 MAPK pathway. They are involved in a network of signalling routes leading to a variety of cellular responses, including cell proliferation, transformation and Fig. (2) . Signalling pathways that become active in endothelial cells upon interleukin-1 (IL-1) and tumour necrosis factor α (TNFα) activation. The activation leads to the expression of pro-inflammatory genes, including cell adhesion molecules, cytokines and chemokines, and cell survival genes. Abbreviations: IKK: IκB kinase; IκB: inhibitor κB; IRAK: IL-1 receptor-1 associated kinase; NEMO: NFκB essential modulator; NF κB: nuclear factor κB; NIK; NF κB inducing kinase; PI3K: phosphoinositol-3 kinase; PKC: protein kinase C; ROS: reactive oxygen species. differentiation (ERK regulated), and apoptosis, stress responses and inflammation (JNK and p38 MAPK regulated) [31, 32] . Of the MAPK-family, p38 MAPK is involved in TNFα-driven IKK activation, as shown e.g., in HUVEC and in the endothelial cell derived cell line ECV304 [33] . Furthermore, p38 MAPK can control mRNA stability of inducible cytokines TNFα, IL-1 and IL-8 that are short lived and contain an AU-rich element in their 3'-untranslated region that is responsible for their high turnover rate. Upon proper stimulation, p38 MAPK substrate MAPKAP K2 phosphorylates AU-binding proteins, as a result of which the mRNA becomes stabilised [34, 35] . In rheumatoid arthritis patients, Schett and colleagues reported the presence of phosphorylated (i.e., activated) p38 MAPK in the endothelial cells in diseased lesions [36] .
TNFα induced protein kinase C (PKC) activation is responsible for downstream activation of the two MAPK family members p42 MAPK (ERK2) and p44 MAPK (ERK1) [37] . JNK activation in HUVEC was shown to be controlled by TRAF2 -apoptosis signal regulated kinase1 (ASK1) -stress-activated protein kinase ERK kinase 1 (SEK1) complex, leading to ICAM-1 and VCAM-1 expression [38] .
TNFα stimulation of human pulmonary artery endothelial cells can also induce the atypical protein kinase isoenzyme PKCζ, leading to a quick association with ICAM-1. As a result, phosphorylation and clustering of cell surface ICAM-1 and activation of endothelial adhesiveness occurred [39] . Other data also implied a critical role of PKCζ in regulating TNFα-induced oxidant generation and in signalling the activation of NFκB and ICAM-1 gene transcription [40] . Consequently, this PKC isoform may also be considered of interest as a target for pharmacological intervention of endothelial cell activation.
IL-1 Induced Signalling in Endothelial Cells
IL-1 includes two agonists, IL-1α and IL-1β, with IL-1α remaining mostly in the cytosol and associated with the plasma membrane and IL-1β being the cytokine matured by proteolytic enzyme cleavage. Based on sequence homology and the presence of key structural patterns, new members of the IL-1 family were more recently identified [41] . The presence of more than one type of IL-1 molecule implies the existence of more than one type of IL-1 receptor. Studies indeed have shown the presence of two types of receptors (IL-1R), of which IL-1RI binds IL-1α with higher affinity than IL-1β. In contrast, IL-1RII binds IL-1β more avidly than IL-1α. Human endothelial cells exclusively express IL-1RI, indicating that IL-1RII is dispensable for IL-1 signalling in this cell type [42] .
The cell activation pathways mediated by IL-1 signal transduction overlap to a large extent with the TNFα activation pathway (Fig. 2) [16, 37] . When IL-1β, hereafter referred to as IL-1, binds IL-1RI, intracellularly located accessory protein AcP increases the binding affinity of interleukin to the receptor. Through activation of IL-1RI-associated kinases or IRAKs, various adaptor proteins are subsequently recruited to activate NFκB inducing kinase NIK. From this point downward the NFκB pathway proceeds as described for TNFα activation [43] . IL-1 induced hydrolysis of sphingomyelin to ceramide also facilitates signalling via NFκB [44] . Furthermore, in human pulmonary vascular endothelium, IL-1 induced IL-8 mRNA and protein expression could be attributed to p38 MAPK activity [45] . IL-1 induced IL-6, COX-2, collagenase-1, and stromelysin-1 expression were also shown to be p38 MAPK controlled in HUVEC [46] .
One of the similarities between TNFα and IL-1 induced gene expression comprises the upregulation of the protective gene A20. This gene encodes a zinc finger protein, which in the case of IL-1 induced expression was able to interfere with signal transduction upstream of NFκB [47] . Differences between TNFα-and IL-1 controlled signalling pathways and downstream effects in endothelial cells have however also been reported. For example, in rat pulmonary artery endothelial VA cells, the IL-1 induced expression of Manganese superoxide dismutase (MnSOD), an anti-oxidant enzyme acting in the first line of defence to detoxify oxygen radicals, was NFκB dependent. In contrast, TNFα mediated MnSOD expression could be most efficiently blocked by mitochondrial electron transport chain inhibitors and Nacetylcysteine, linking TNFα induced MnSOD expression to reactive oxygen species [48] .
In human pulmonary microvascular endothelial cells, IL-1 but not TNFα treatment significantly induced both COX-2 mRNA levels and protein activity. This observed differential effect could be explained by the fact that TNFα alone was not able to modify p38 MAPK activity, in the specific cell type studied a prerequisite for COX-2 gene expression induction [49] . These cell type dependent control mechanisms in signal transduction possibly reflect differences in scaffolding protein composition. These scaffolding proteins can be considered as protein kinase 'insulators' or docking sites that compartmentalise the various molecules involved in intracellular signalling [50, 51] . As a result, duration, intensity and outcome of the signalling process are highly controlled by the scaffolding proteins. Different cell types as well as related cell types located in different sites in the body likely express different scaffolding proteins and hence control their signal transduction relay system in their own way.
The observation that a combination of TNFα and IL-1 led to potentiation of COX-2 mRNA and activity induction is of interest considering the fact that during chronic inflammatory diseases multiple cytokines will be locally produced [49] . Also, synergistic effects of TNFα plus IL-1 and other inflammation associated cytokine combinations on HUVEC cell adhesion molecule expression were reported [52] . Especially for the development of new chemical entities (NCEs) aiming to interfere with endothelial cell activation, this complexity of effects mediated by cytokine combinations should be carefully considered in choosing in vitro and in vivo screening tests to study effectiveness of the new compounds.
With the advent of advanced techniques like cDNA microarrays, real time RT-PCR, and protein arrays, more detailed information on the complexity of changes in endothelial gene expression patterns has become available. Genes initially not primarily associated with endothelial cell function and responses to inflammatory stimuli have been identified. For example, Bandman et al. showed in cultures of coronary artery endothelium that in response to IL-1 and TNFα treatment over 200 genes were regulated. Ninety-nine of these genes were previously not associated with endothelial cell function, but rather associated with leukocyte function or related to antiviral and antibacterial defence [53] . At present, most of these data on complex gene and protein expression patterns have been generated in in vitro systems, and data on their in vivo relevance are awaited. Yet, by choosing experimental strategies that encompass these new techniques, adaptation of our attitude towards looking beyond the well-recognised endothelial gene families is required.
Intracellular Signalling in Inflammation-Associated Angiogenesis
Although being studied mostly for its role in tumour growth, angiogenesis is also a hallmark of chronic inflammatory diseases including rheumatoid arthritis and inflammatory bowel disease [54, 55] . Moreover, in atherosclerosis a relation exists between levels of the main angiogenesis promoting factor VEGF and disease progression [56] . Recombinant as well as endogenous human VEGF could induce atherosclerotic plaque formation and progression in animals [57] . Furthermore, the Angiotensin II regulated angiogenic factor CYR61, a heparin binding, secreted cystein rich protein, colocalised with AngII in small vessels in human atherosclerotic tissues [58] . Prostaglandin PGE 2 , produced under both normal and various inflammatory conditions, affected endothelial cell adhesion and survival signalling that depends on the angiogenesis associated integrin αvβ3 [59] . These observations, in combination with the finding that NFκB activation can be regulated via αvβ3 [60, 61] emphasise the definite association between inflammatory and angiogenic signalling pathways in endothelial cells.
Three different cellular processes, i.e., angiogenic sprouting, intussusceptive growth and seeding of endothelial progenitor cells in angiogenic blood vessels, are considered to contribute to neovascularisation [62] . The exact features of the angiogenic sprouting process vary depending on the organ and the location within the organ, and the factors controlling the angiogenic process [63] [64] [65] . In general, the first step in this process is the activation of the endothelial cells in response to hypoxic conditions. Production of especially matrix metalloproteinase (MMP)-2, or gelatinase A, by the stimulated endothelial cells subsequently leads to degradation of the surrounding basement membrane [66, 67] . Angiopoietins and their receptors Tie-1 and Tie-2 control endothelial sensitivity to other factors by affecting vessel stabilization [68] . Moreover, Angiopoietins were recently shown to control MMP-9 expression by endothelial cells [69] . Degradation of the ECM allows the endothelial cells to migrate into the tissue, where they proliferate and differentiate to form a new vessel. To mature, vessels need to be surrounded by basement membrane and supporting cells including pericytes and/or smooth muscle cells. A complex interplay between growth factors like platelet-derived growth factor (PDGF) and transforming growth factor (TGF-β) guide the attraction of the supporting cells. Finally, a new basement membrane is produced that contains among others collagen IV, laminin 8/10, perlecan, nidogen, and fibronectin [70] [71] [72] [73] .
Besides VEGF and FGF that are discussed below, the Angiopoietins are considered essential factors regulating the angiogenic response.
Angiopoietin-1 signals via Angiopoietin receptor Tie-2 to PI3 kinase dependent Akt activation and cell survival [74] . Tie-2 binding of antagonistic Angiopoietin-2, which is primarily expressed in sites of vascular remodelling, on the other hand, destabilises the blood vessels to become prone to the effects of other angiogenic factors. If these factors are absent under these conditions, the endothelial cells go into apoptosis as a consequence of which vessel regression takes place [75, 76] . Tie-2 activation may furthermore be the cause of dysfunctional endothelial responses to inflammatory stimuli, as it decreases TNFα driven leukocyte-endothelial interaction through inhibition of NFκB activation via A20 binding inhibitor of NFκB activation-2 [77] . Disease activity in early psoriatic arthritis was recently shown to be associated with a significant increase in Angiopoietin-2 expression, which coincided with increased VEGF and TGFβ levels [78] .
VEGF Induced Signalling
The five members of the VEGF protein family VEGF-A, -B, -C, -D, -E, and the two placenta growth factors PlGF1 and PlGF2 play a crucial role in the well-orchestrated process leading to new blood vessel formation. The VEGF family members bind in a distinct pattern to three structurally related receptor tyrosine kinases (RTKs), i.e., VEGF receptor-1 (VEGFR-1, also known as Flt-1), VEGFR-2 (KDR/Flk-1), and VEGFR-3 (Flt-4), whereas PlGF-1 and -2 can interact with VEGFR-1 [79] . PlGF-2 can furthermore bind to neuropilin-1, which is a non-tyrosine kinase receptor. VEGF and PlGF synergise in inducing angiogenesis [80] , and more recently a function for PlGF-1 as vascular survival factor has been proposed [81] . VEGFR-1 and -2 are expressed, at different levels, by endothelial cells, monocytes and smooth muscle cells. VEGFR-3, in the adult, is found mostly in the lymphatic vessels [82, 83] . An increase in expression of both VEGF and its receptors has been reported in inflammatory disease [54, 55] .
VEGF is a multifunctional cytokine that is necessary for normal vasculature development. VEGF variant production can be strongly upregulated via hypoxia inducible factor HIF-1. HIF-1 is a transcription factor that becomes activated under hypoxic conditions as well as under the influence of growth factors such as insulin like growth factor and epidermal growth factor (EGF) [84] . Various other cytokines and growth factors, including PDGF BB, TNFα, TGFβ, and IL-1 stimulate the expression of VEGF, in some cases by increasing VEGF mRNA stability instead of through increased gene transcription [85] .
Binding of VEGF to its receptor leads to receptor dimerisation and subsequent kinase activation (Fig. 3) . The biological activities of VEGF, including the induction of blood vessel permeability, endothelial cell migration, proliferation, survival and differentiation, are transduced mainly by VEGFR-2 [86] . VEGF activates the MAPK family members ERK1/2 via PKC, thereby stimulating endothelial cell proliferation, whereas p38 MAPK signalling leads to actin reorganisation and cell migration signalling, possibly through nitric oxide (NO) and prostacyclin production [70, 86] . Furthermore, increased eNOS protein and NO production in HUVEC stimulated for 24h with VEGF could be efficiently blocked by calcium chelators and PI3 kinase inhibitors [87, 88] . While VEGF induced increase in NO production was shown to be (partly) transcriptionally controlled, VEGF induced synthesis of the vascular permeability inducer platelet activating factor (PAF) in bovine aortic endothelial cells (BAEC) was directed via p38 MAPK, controlling the conversion of lysoPAF to PAF. In addition, ERK1/2, PLCγ and PKC were essential in this response, while PI3 kinase acted as a negative regulator of PAF synthesis [89] . The PI3 kinase pathway is furthermore engaged in VEGF signalling leading to vascular hyperpermeability and cell migration via cytoskeletal regulatory protein focal adhesion kinase activation [90, 91] .
Protection from apoptosis in endothelial cells by VEGF occurs via the induction of expression of anti-apoptotic genes Bcl-2, A1, and survivin, among others [92] [93] [94] . Another endothelial cytoprotective phenomenon consists of VEGF driven expression of decay-accelerating factor under the control of PKC mediated p38 MAPK activity. As a result, complement deposition and activation becomes significantly downregulated. This may represent a mechanism by which endothelial cells are protected from complement-mediated lysis during inflammation associated angiogenesis [95] . VEGF induced cell survival signalling is furthermore activated via the PI3 kinase/Akt route, leading to downregulation of both p38 MAPK activity [96] and caspase-3 activity [97] .
The complexity of VEGFR mediated signal transduction in relation to the (patho)physiological effects of VEGF was recently shown in an elegant study by Issbrucker et al. In mice exposed to normobaric hypoxia for 24 hrs, VEGF induced brain vessel hyperpermeability could be counteracted by the treatment with the p38 MAPK inhibitor SB203580. In the chorioallantoic membrane (CAM) assay, however, inhibition of VEGFR signalling controlled p38 MAPK activation led to enhanced angiogenesis, an effect accompanied by prolonged ERK1/2 activity, endothelial cell survival, and activation of plasminogen [98] . Considering the importance of both vascular hyperpermeability and endothelial cell survival in angiogenesis, a concerted action between VEGF and other cytokines likely controls the spatiotemporal functionality of molecular switches like p38 MAPK.
VEGFR-2 induced signalling in endothelial cells regulates the expression of an array of genes. Besides the ones involved in endothelial cell migration, proliferation, and survival, they include adhesion molecule CD34, Tie-2 precursor, Angiopoietin-2, heparin binding epidermal growth factor-like growth factor, Mif1, COX-2, and early growth response EGR-3 [99, 100] . The in vitro kinetics of induction of mRNA levels differed significantly between genes, ranging from as early as 0.5 hrs after start of VEGFR-2 signalling in the case of EGR-3 to peak levels at 24 hrs for Angiopoietin-2 [100] .
FGF Induced Signalling
The fibroblast growth factor (FGF) family consists of over 20 structurally related, heparin binding polypeptides, of which FGF-1 (acidic FGF) and FGF-2 (basic FGF) are the most extensively studied. In contrast to FGF-1, FGF-2 is ubiquitously present, although its transcription occasionally is regulated, e.g., by mildly oxidised LDL species produced in hypercholesterolemic conditions [101] . Data from cancer research imply a role for FGF-2 and its binding protein FGF-BP in the control of the angiogenic switch that occurs during tumour growth progression [102] .
The direct role of FGFs on endothelial cell behaviour includes effects on cell proliferation, migration and differentiation, although knowledge on their molecular signal transduction pathways is less detailed compared to those induced by VEGF. Similar to VEGF and Angiopoietin signalling, the cellular effects of FGFs are mediated via receptors containing tyrosine kinase activity. Endothelial cells in vitro express FGFR1 more abundantly than FGFR2 [103] . To form an active ternary complex of FGF and its receptor, heparan sulphate proteins are a prerequisite [104] . Studies with corneal endothelial cells showed that FGF-2-induced endothelial cell migration required activation of a PI3 kinase-like enzyme and/or lipoxygenase products [105] . In bovine aortic endothelial cells, arachidonic acid metabolites induced calcium influx and gave rise to cyclooxygenase products, both controlling cell proliferation and motility [106] . The mitogenic effects of FGF-2 were also primarily controlled by PI3 kinase activity via which cell cycle regulating cyclin dependent kinase Cdk4 expression was upregulated [107] . Furthermore, in chorocapillary endothelial cells, FGF-2 induced cell proliferation via ERK1/2 activation [108] . In bovine capillary endothelial cells, p38 MAPK negatively regulated endothelial cell differentiation by decreasing the expression of differentiation-specific proteins such as the Notch ligand Jagged1. Inhibition of p38 MAPK function led to increased vessel formation, although most of them appeared nonfunctional [109] . More recently, a role of Raf kinase in FGF-2 based endothelial cell survival signalling has been reported. In HUVEC, FGF-2 activated Raf-1 via p21-activated protein kinase-1 phosphorylation, leading to Raf-1 mitochondrial translocation and protection from stress induced apoptosis. In contrast, VEGF activated Raf-1 protected the cells from the extrinsic receptor signalling based pathway of apoptosis via Src kinase and MEK-1. Both pro-angiogenic factors possibly cooperate to alter the threshold of endothelial susceptibility to apoptosis and thereby control resistance of angiogenic endothelium against cytotoxic agents [110] .
In HUVEC, FGF-2 induced a complex gene expression pattern that partly overlapped the gene expression pattern induced by VEGF. Genes modulated included extracellular matrix proteins, proteases and protease inhibitors, growth and migration regulators, transcription factors, oxidative stress responders and DNA-repair proteins [99] .
Although the various signalling pathways induced by isolated angiogenic factors are now being unravelled at a fast pace, the in vivo pro-angiogenic microenvironment is complicated in that it contains many cytokines. These cytokines can all affect each other's action, depending on their concentration and the composition of the cytokine mixture present. Synergistic interaction of FGF-2 with VEGF on the activation of the angiogenesis associated plasminogen system was observed in vitro in bovine aortic and lymphatic endothelial cells [111] . Similarly, VEGF and Angiopoietin-1 individually and in combination affected critical signalling pathways such as p44/42 and p38 MAPK, and Akt. In a study using freshly cut rat aorta rings, time dependent differences in generating distinct signalling patterns of p44/42 MAPK and Akt phosphorylation by VEGF and Ang-1 were observed. Maximal stimulatory effects were obtained by treating the cultures with a VEGF/Ang-1 combination [112] .
Control of angiogenesis via non-cytokine proteins has also been established. Recently, Qi et al reported on the ability of tissue inhibitor of metalloproteinases type 3 to inhibit VEGF induced angiogenesis by blocking VEGF binding to VEGFR-2 and consequent inhibition of downstream signalling [113] . Similarly, blockade of FGF-2 binding to its receptor by ganglioside species shed by tumour cells negatively influenced FGF-2 induced endothelial cell proliferation, thereby actively modulating the activity of the angiogenic factor [114] . Furthermore, integrins α5β1 and αvβ3, transmembrane molecules essential for maintaining endothelial cell viability and integrity during FGF-and VEGF-induced angiogenesis [115] , represent key-regulators of angiogenesis that can interfere with the molecular processes involved in growth factor induced signalling.
Signalling Events Induced by Cell-Cell Interactions
Much attention on mechanisms of endothelial cell activation is directed towards cytokine, chemokine and growth factor mediated pathways. Cell-cell interaction based activation, however, is also a relevant route by which endothelial cell activation can be initiated, extended or even brought to a fully advanced state.
In one of the early reports on this contact dependent endothelial cell activation, Lou and colleagues showed that phorbol ester activated T lymphocytes could activate human brain microvascular endothelium to express E-selectin, VCAM-1 and ICAM-1. The thus activated endothelium also showed an increase in production of the pro-inflammatory cytokine IL-6 and the chemoattractant IL-8 [116] . Similarly, we and others showed that anti-CD3 / cytokine activated T lymphocytes were capable of activating HUVEC to express E-selectin, VCAM-1 [117] , IL-6, IL-8, MCP-1, and Tissue Factor [118] in a contact dependent way. Activation may be partly CD40/CD40L dependent, indicating that in diseases in which the endothelium (over) expresses CD40, ligation with CD40L expressing T cells or activated platelets may be the underlying cause of endothelial activation [119] [120] [121] . CD40 ligation furthermore can induce endothelial COX-2 expression [122, 123] . Induction of angiogenesis upon crosslinking of endothelial CD40 was observed in human skins engrafted on SCID mice. This cellular reaction coincided with the expression of the pro-angiogenic factors VEGF, FGF-2, Angiopoietin, endoglin, and Tie-2 [124] . Besides activating endothelium via CD40 ligation, platelets can also induce endothelial COX-2 expression via platelet produced thromboxane A2. Upon TXA2 receptor activation, HUVEC showed increased expression of COX-2 with concomitant production of PGI 2 , a response controlled by p42/44 MAPK activation [125] . LPS mediated endothelial cell activation can be controlled in a paracrine manner via polymorphomononuclear cell (PMN) or neutrophil NADPHoxidase derived oxidant signalling. Absence of PMN-NADPH oxidase either in neutropenic mice or in neutropenic mice replenished with PMN from NADPH-oxidase knockout mice, significantly reduced LPS induced cell activation [126] .
Leukocyte-endothelial cell contact based activation is by no means a unidirectional process. Endothelial cells can promote full activation of T lymphocytes via transcostimulatory interactions [127, 128] . Although being studied in a transplantation setting, these cell activation and costimulation pathways that involve both transmembrane and soluble factors are likely to prevail in inflammatory processes as well. Endothelial chemokines juxtaposed to VCAM-1 were furthermore shown to be capable of augmenting VLA-4 dependent lymphocyte tethering and adhesion through rapid activation of lymphocyte Gi protein coupled receptor signalling. The subsequent clustering of VLA-4 at the lymphocyte-substrate contact zone, a classical example of insideout signalling via integrins, resulted in enhanced avidity of VLA-4 to VCAM-1 [129] .
Additionally, endothelial cell adhesion molecules by themselves can actively participate in cellular signalling. Through cross-linking during adhesive interactions with leukocytes, the cytoplasmic domain of E-selectin is phosphorylated, leading to ERK1/2 activation [130] . Similarly, cross-linking of ICAM-1 and VCAM-1 on HUVEC led to ERK1/2 activation and subsequent IL-8, RANTES and VCAM-1 production [131, 132] , and small GTPase p21Rho mediated Rac activation facilitating monocyte transmigration, respectively [133] . These data imply that E-selectin, ICAM-1 and VCAM-1 can control, but possibly also initiate endothelial intracellular signalling pathways during inflammation when being cross-linked by their natural counter ligands on the leukocytes.
Other Molecules that Induce Signalling in Endothelial Cells
Besides TNFα and IL-1, various others molecules can affect endothelial cell function and as such influence inflammatory disease activity. Among them is LPS, a key mediator of sepsis and consequent acute respiratory distress syndrome and multiple organ dysfunction syndrome. Toll like receptor 4 (TLR4) is the transducing receptor for LPS that is constitutively expressed by the endothelium [134] . TLR4 signalling relays via p38 and p42/44 MAPK, NFκB and AP-1, leading to the expression of cell adhesion molecules, chemokines and cytokines, and enzymes including COX-2 [135] [136] [137] . Furthermore, IL-6 and its structurally related cytokine family member oncostatin M (OSM) [138] , IL-18 [139, 140] , and monocyte chemoattractant protein-1 (MCP-1) can strongly affect endothelial cell activation status in inflammatory diseases. HUVEC exposure to MCP-1 resulted in rapid phosphorylation of p38 MAPK as well as ERK1/2 and c-Jun N-terminal kinase [141] . The serine protease thrombin also induced p38 MAPK signalling in HUVEC, leading to IL-8 and MCP-1 production via a functional link between the thrombin G protein coupled receptor and p38 MAPK [142] . The acute phase protein C-reactive protein caused cell adhesion molecule and MCP-1 production in HUVEC, with the production of the latter chemokine being controlled by peroxisome proliferator-activated receptor-α or PPAR-α [143] . Cyclophilin A is an intracellular protein that is secreted by smooth muscle cells and macrophages during oxidative stress and LPS activation. In patients with sepsis and rheumatoid arthritis, Cyclophilin A plasma levels were shown to be significantly increased. Jin and colleagues recently demonstrated that this protein could effectively induce p38, ERK1/2, JNK, and NFκB activation and concurrent E-selectin and VCAM-1 expression in HUVEC at nM concentration [144] .
Oxidised low-density lipoprotein (ox-LDL) induced abnormalities in endothelial cell function, which may be relevant for the progression of atherosclerosis lesions. In BAEC, 50-200 µg/ml ox-LDL significantly downregulated NO production under basal and thrombin activated conditions which was paralleled by an increase in superoxide (O 2 ·-) radicals [145] . Moreover, within 5 minutes after start of BAEC incubation with ox-LDL, activation of NFκB became evident, which could be blocked by a monoclonal antibody against the endothelial lectin-like ox-LDL receptor-1 [146] . Also implicated in cardiovascular diseases is Angiotensin-II (AngII), the dominant effector of the reninangiotensin system. In HUVEC AngII activated NFκB, which was mediated by reactive oxygen species as well as p38 MAPK, leading to cell adhesion molecule expression, among others [147] . Furthermore, AngII regulated the expression of the limiting NAD(P)H oxidase subunit (gp91-phox), which is responsible for proatherosclerotic oxidative stress and corresponding superoxide anion formation in endothelial cells [148] .
Complement activation product C5a stimulated HUVEC to express a complex gene expression pattern similar to that observed by activation with either TNFα or LPS. Besides the expected upregulation of cell adhesion molecules, cytokines, chemokines and related receptors, downregulation of genes involved in angiogenesis and drug metabolism were observed [149] .
Advanced glycosylation end products (AGE) are produced in diabetes, various neurodegenerative diseases, and other chronic diseases including atherosclerosis [150] . The products of non-enzymatic glycation and oxidation of proteins and lipids can activate endothelium via Receptor for AGE (RAGE) to express inflammatory cell adhesion molecules [151] . Both AGE and RAGE were shown to be present in endothelial cells in inflamed rheumatoid synovia [151] . The recently identified high mobility group protein-1 was also capable of activating RAGE to induce proinflammatory signalling, as demonstrated in HMEC-1 microvascular cells in vitro. This latter signal transduction pathway was mediated by MAPK and transcription factors NFκB and Sp1, and was partly due to TNFα autocrine stimulation [152] .
Basic knowledge on cytokine, growth factor and cell-cell contact induced cellular responses is an essential starting point for understanding the molecular processes taking place in endothelial cells during an inflammatory response. The challenge for the future is to map the complexity of the signalling cascades in the in vivo situation in the different stages of inflammation. Only by this means, (rational combinations of) relevant molecular targets and (rational combinations of) relevant inhibitors of these targets can be proposed for effective pharmacological intervention strategies.
DRUGS AFFECTING ENDOTHELIAL CELL SIGNALLING IN INFLAMMATION
Several strategies have been explored to interfere with inflammatory processes. These include the development of neutralising antibodies and small chemicals that block adhesion molecules on leukocytes and endothelial cells, and antibodies neutralising pro-inflammatory and pro-angiogenic cytokines and growth factors [13, [153] [154] [155] [156] [157] . New in this respect is the development of so called high affinity blockers of cytokines consisting of fusion proteins containing a constant region of IgG and extracellular domains of distinct cytokine receptor components involved in binding and neutralisation of the cytokine [158] . Although many of these strategies were successful in preclinical studies, the outcome of clinical trails has been inconsistent, with the majority of studies showing limited effects. Likely, the redundancy in and overlapping functions of adhesion molecules, cytokines and chemokines for efficient leukocyte recruitment allows for alternative molecules to be used upon blocking a specific one. In addition, since different leukocyte subsets employ different combinations of adhesion molecules and cytokines/chemokines, blockade of recruitment of one subset at a specific stage of disease progression may not significantly alter disease outcome [156] .
In the following section, focus will be on studies addressing pharmacological effects of chemical compounds that can interfere with intracellular signalling events associated with cytokine and angiogenic growth factor mediated endothelial cell activation. One important advantage of these compounds is their potential to inhibit the expression of multiple proteins involved in leukocyte recruitment. However, since their target molecules are ubiquitously expressed throughout the body and likely functional in homeostatic control, their lack of cell specificity is considered disadvantageous. Incorporation in cell selective drug targeting constructs may overcome this drawback. For many of the drugs and NCEs discussed, no detailed information on their intracellular availability in vitro and their in vivo pharmacokinetic profile is available, limiting apt appreciation of their potential for future application in the clinic as well as in drug targeting strategies.
NFκB Inhibitors
The observation that the NFκB cascade is not only regulated by kinases but also by reactive oxygen species initially led to the study of the effects of anti-oxidants on NFκB driven cell activation. Numerous natural and synthetic antioxidants, including vitamins E and C, curcumin, caffeic acid, capsaicin, dihydropyridines, and pyrollidine dithiocarbamate (PDTC), were shown to inhibit NFκB dependent cell adhesion molecule and/or cytokine expression in endothelial cells in vitro [159] . Vitamin C furthermore could also block a redox-insensitive part of the NFκB activation pathway. This effect, brought about by high millimolar concentrations of Vitamin C, was mediated by activation of the p38 MAPK enzyme, which in turn interfered with IκB phosphorylation [33] .
The propenenitrile derivatives BAY 11-7821 and Bay 11-7083 could also block E-selectin, VCAM-1 and ICAM-1 expression by HUVEC. They irreversibly inhibited TNFα induced IκB phosphorylation, leaving constitutive IκB phosphorylation unaffected. Although they exerted (undesired) activation of different kinases, in vivo reduction of rat carrageenan paw oedema and rat adjuvant arthritis was observed without the occurrence of concurrent toxicity. Whether the pharmacologic activities were associated with interference with reactive oxygen species was not investigated [160] .
Cysteine containing derivatives can also inhibit NFκB signalling. Homocysteine has been intensively studied after the discovery that homocysteinuria is associated with an increased incidence of vascular disease. Homocysteine almost completely inhibited the TNFα induced expression of adhesion molecules by HUVEC at millimolar concentration. Data suggest that homocysteine selectively inhibits the NF-κB pathway in endothelium without affecting IκB-α phosphorylation and degradation, in contrast to other thiol agents such as PDTC and N-acetylcysteine [161, 162] . There is evidence that homocysteine can directly modify proteins, leading to protein damage in the homocysteinyl-ation process. N-acetylcysteine, on the other hand, inhibited activation of c-Jun N-terminal kinase, p38 MAPK, redoxsensitive AP-1 and NFκB transcription factor activities, thereby regulating the expression of numerous genes involved in inflammatory processes [162] .
Other drugs effecting NFκB mediated signalling are those inhibiting degradation of phosphorylated IκB by the proteasomes [163] , the natural products gliotoxin and parthenolide [164, 165] , peptides that interact with the NEMO protein in the IKK signalsome [18] , and nonsteroidal anti-inflammatory drugs including aspirin that independent from COX inhibition interfere with NFκB activation [147, 166] . MOL294, a non-peptide inhibitor of NFκB, acts by inhibiting the cellular redox protein thioredoxin. As a result, TNFα mediated expression of cell adhesion molecules VCAM-1, ICAM-1 and E-selectin by HUVEC was inhibited [167] .
Using a cell based reporter assay for NFκB dependent gene activation in HUVEC, Takehana and colleagues identified from a chemical library the pyridine analogue APC0576 that inhibited at low µM concentrations IL-1 induced expression of IL-8 and MCP-1. The molecular basis for this inhibition is of interest, in that it did not interfere with NFκB DNA binding, IκB degradation, or NFκB RelA protein phosphorylation. Possibly it interacts with crucial transcription co-activators, a mechanism of action that implies possible inhibition of gene expression driven by other transcription factor as well [168] . Some caution should be exerted when applying NFκB inhibitors, since NFκB is not only the driving force for inflammation, but is also a molecular switch controlling the balance between cell death and cell survival [169] . Whereas the phenomenon of activation induced cell death is essential for containment of an immunological response, endothelial cells should refrain from this controlled cell death mechanism. Not only would the endothelial cells become pro-coagulant at an early stage of apoptosis, they can also start to express adhesion molecules under these conditions, thereby possibly augmenting the inflammatory response [170, 171] . Furthermore, loss of endothelial cell integrity could eventually lead to loss of whole body integrity. In this respect, targeted delivery of NFκB inhibitors into inflammation associated activated endothelium in which activated NFκB controls cellular activation can be considered a valuable approach in circumventing the undesired side effects.
p38 MAPK Inhibitors
Most of the kinase inhibitors are ATP-competitive and targeted towards the phosphorylated high activity form of the kinase [172] . Taking into consideration that almost 500 protein kinases are encoded by the human genome, the development of inhibitors specific for a certain (class of) disease associated protein kinase as a treatment modality is an essential prerequisite.
One of the most extensively studied groups of drugs that inhibit p38 MAPK is the group of the pyridinylimidazole compounds [173] . SB203580, one of the first analogues described, blocked TNFα induced MCP-1 [174] , and VCAM-1 expression by HUVEC, with ICAM-1 levels being unaltered [175] . The effect on VCAM-1 was mRNA independent, i.e., the regulation took place at the posttranscriptional level. IL-8 production by LPS stimulated human pulmonary arterial endothelial cells was blocked in a concentration dependent manner, with 10 µM SB203580 completely inhibiting the production of this cytokine [176] . Similarly, p38 MAPK inhibitor SB202190 could block LPS induced IL-8 production in HUVEC, ranging from 20% inhibitory effect at 1 µM to over 80% inhibition at 100 µM SB202190 [177] . P38 MAPK inhibitors have been extensively studied in animal models of arthritis, inflammatory angiogenesis, ischaemia/reperfusion and septic shock (for a concise review on this subject see [35] ). In a rat model of arthritis, SB203580 administered p.o. at 60 mg/kg 5 times a week significantly inhibited IL-6 production. In a mouse air pouch granuloma model where angiogenesis occurs alongside the inflammatory process, SB220025 administered at 30 mg/kg twice daily strongly inhibited granuloma associated angiogenesis with parallel attenuation of TNFα and IL-1β production [178] . When administered to mice 30 min before LPS/D-galactosamine challenge as a model of septic shock, 100 mg/kg SB203580 could inhibit TNFα production to 13% of initial levels [179] . P38 MAPK inhibitor RWJ67657 also inhibited TNFα production to a significant extent when administered p.o. in an LPS model at 50 mg/kg in mice, and at 25 mg/kg in rats [180] .
The question whether (part of) the anti-inflammatory effects could be attributed to inhibition of endothelial cell activation was not addressed in animal studies reported. Data on a clinical study with RWJ67657, however, shed some light on this issue. In this study, the drug was administered orally to healthy volunteers in doses ranging from 350 to 1400 mg, 30 minutes before a one-minute infusion of LPS. Besides inhibition of neutrophil activation, all doses led to a decrease in circulating soluble ICAM and soluble E-selectin levels [181] . Especially this latter result indicates that inhibition of endothelial cell activation had occurred, as Eselectin production is specific for activated endothelial cells. Whether this endothelial cell inhibitory effect was a direct effect of the drug on endothelial cell intracellular signalling or an indirect effect resulting from inhibition of leukocyte activation is unknown.
Similar to NFκB, the role of p38 MAPK in cellular and organ homeostasis is complex, and hence the consequences of interfering with its function on whole body homeostasis unclear. Based on the positive outcome of pre-clinical pharmacological tests, a number of p38 MAPK inhibitors have now advanced to clinical trials [35] . Whether in humans p38 MAPK inhibitor treatment will lead to an increase in macrophage cytokine production and concurrent reduced capacity of bacterial clearance as observed in mice [182] remains to be established.
Glucocorticosteroids
Well-known and extensively used anti-inflammatory therapeutics are the glucocorticosteroids. General features of glucocorticoid action have been divided into non-genomic and genomic effects that occur after binding of the corticosteroid to the glucocorticoid receptor (GR) in the cytoplasm [183] . The thus created monomeric or dimeric complex is released from chaperone proteins, enabling translocation into the nucleus where it can bind to glucocorticoid responsive elements found in promoters of anti-inflammatory genes, among others. The non-genomic effects are relayed by the monomeric glucocorticoid/GR complex that can affect the activity of NFκB and AP-1 components Fos/Jun. This leads to inhibition of expression of genes encoding inflammatory cytokines, receptors, and adhesion molecules [184, 185] .
Although glucocorticoids have been mostly studied for their effects on immune cells, some data on their effects on endothelial cell activation are available. Dexamethasone and budesonide inhibited TNFα induced IL-8 synthesis by HUVEC in a dose dependent manner [186] . In porcine aortic endothelial cells, methylprednisolone at a concentration of 200 ng/ml could inhibit LPS and TNFα induced E-selectin and IL-8 mRNA levels. Of note is the observation that in combination with cyclosporin A and Rapamycin, drugs that are well known for their ability to inhibit IL-2 production and IL-2 driven lymphocyte division, this inhibitory effect was significantly enhanced. Also in vivo, pre-treatment of rats with 1 mg/kg methylprednisolone alone or in combination with cyclosporin A at 10 mg/kg, immediately before TNFα infusion was able to downregulate E-selectin mRNA levels in the heart. Possibly, the in vivo effect was mediated by an induction of IκB mRNA, as was shown to occur in vitro [187] . Moreover, evidence of glucocorticoid therapy associated inhibition of NFκB activity and increase in vascular endothelium associated IκB protein in colon in patients with active inflammatory bowel disease has been provided [23;188] .
When applied to endothelial cells in vitro, dexamethasone stimulated eNOS activity via direct activation of PI3 kinase and Akt phosphorylation with a maximal 2.7 fold increase at 100 nM drug concentration [189] . In vivo, administration of 40 mg/kg of dexamethasone 1 hr before ischaemia/reperfusion in cremaster muscle prevented local leukocyte adhesion. In addition, in a myocardial infarct model, dexamethasone pre-treatment resulted in a decreased infarct size and tissue oedema, the effects being GR mediated and NO-dependent [189] . A direct effect of the treatment on endothelial cells may be the underlying cause, as in inflammatory bowel disease associated endothelium also an in vivo relation was found between NO production capacity and leukocyte recruitment capacity [190] .
In our laboratory, we exploited gene expression array analysis to study the effects of dexamethasone on TNFα induced gene expression in HUVEC ( Table 1 ) [191] . Of the 33 genes that were upregulated more than 5 fold in HUVEC after 6 h incubation with TNFα, 24 were downregulated by at least 50% upon incubation with 100 nM dexamethasone. Responsive genes included Interleukin family members, and growth factor FGF3, PDGF-B and TGFβ2, among others ( Table 1) . Not only was the gene expression profile dependent on the activation period (50 genes were upregulated after 6h of TNFα activation, whereas only 28 were still elevated after 24h of activation), also the effects of the drug were dependent on the time interval of incubation. Dexamethasone inhibitory action on gene expression was quite pronounced at 6 hrs of incubation, yet only limited effects were observed after 24h incubation, emphasising the sometimes neglected dynamics of drug induced modulation of gene expression.
Non-Steroidal Anti-Inflammatory Drugs: COX-2 Inhibitors
Whereas cyclooxygenase isoenzyme COX-1 is constitutively expressed in various tissues, COX-2 expression is induced in cells exposed to inflammatory conditions, among others in endothelial cells in angiogenesis and atherosclerosis [192, 193] . As such, COX-2 is an attractive target for therapeutic intervention [194] .
Over one hundred years old, aspirin is one of the inhibitors of the COX enzyme system therapeutically most extensively applied. In patients at risk of cardiovascular events, aspirin was shown to exert anti-platelet activity. Furthermore, inflammation-induced endothelial dysfunction could be counteracted by aspirin, possibly through modulation of the cytokine cascade [195] . In vitro, aspirin inhibited at 10 µg/ml IL-1 induced Thromboxane A2 production by HUVEC over 80%, while being devoid of effects on PGF 1α and PGE 2 [196] . In recent years, a new mode of anti-inflammatory action of aspirin has been unravelled that is dependent on lipid mediators and COX-2 [185] . In the presence of ω-3 polyunsaturated fatty acid eicosapentaenoic acid (EPA), IL-1 activated HUVEC that were co-treated with aspirin converted EPA to 18R-hydroxyeicosapentaenoic acid (HEPE) and 15R-HEPE. For this conversion, COX-2 enzyme activity was pivotal. In neutrophils exposed to these HEPE derivatives at low nanomolar concentrations, trihydroxy-containing antiinflammatory lipoxins 15R-LX 5 and tri-HEPE derivatives were produced, inhibiting in vitro endothelial transmigration to approximately 50%. In a murine dorsal air-pouch model, 100 ng i.v. injected 18R-tri HEPE derivative inhibited leukocyte trafficking to 50%, an inhibition similar to that observed upon treatment of mice with the aspirin/COX-2 induced anti-inflammatory lipid aspirin-triggered lipoxin (ATL)a [197] . Stable ATL analogues could furthermore inhibit VEGF induced endothelial proliferation at low nanomolar concentration in vitro [198] .
Inhibitors of COX-2 activity have drawn special attention within the angiogenesis research field as they potently block endothelial cell pro-angiogenic behaviour in various in vitro and in vivo models, even though they affect enzyme systems downstream of NFκB and MAPK control. Upregulation of COX-2 in endothelial cells is followed by production of PGI 2 and PGE 2 . These prostaglandins promote the expression of pro-angiogenic factors and support cellular processes leading to endothelial cell proliferation, migration and maturation [199] . Selective inhibition of COX-2 by NS-398 or celecoxib significantly downregulated the synthesis of these prostaglandins with a resulting increase in endothelial cell apoptosis index in FGF-2 induced corneal angiogenesis [192, 196] . Various COX-2 specific and COX-1/COX-2 nonspecific inhibitors furthermore suppressed integrin αvβ3 dependent activation of endothelial cells, leading to inhibition of endothelial cell spreading and migration in vitro, and inhibition of angiogenesis in vivo [200] . Production of VEGF and cell proliferation mediated by endothelial αvβ3 engagement could be inhibited with a combination of COX-1 and COX-2 specific inhibitors (SC560 and NS398, respectively) at 1 µM concentration. Both inhibitors could also strongly block αvβ3 dependent microtubule formation in vitro. Of note was the complete absence of microtubules upon blockade of COX-1, whereas COX-2 inhibition still allowed some tubes to form [201] .
In inflammation associated cardiovascular diseases, COX-2 inhibitors have been studied in clinical trials. In coronary artery disease patients on background therapy with aspirin and statins, treatment with celecoxib significantly improved endothelium dependent vasodilation with concomitant reduction of markers of inflammation and oxidative stress [202] . In hypertensive patients, COX-2 inhibitor treatment reversed endothelial cell dysfunction as reflected by improved brachial artery flow-mediated dilation [203] . In inflammatory animal models, COX inhibitors demonstrated differential effects on inflammation associated COX activity. In a mouse air pouch granuloma model aspirin treatment in high (200 mg/kg) and low (10 mg/kg) dose regimens inhibited PGE 2 levels, whereas the COX-2 specific inhibitor nimesulide at 5 mg/kg increased PGE 2 levels with a concurrent increase in granuloma vascularity and dry weight [204] . In contrast, in a rat model of endotoxin shock, the COX-2 specific inhibitor NS-398 significantly inhibited the increase in PG production [205] . Some of the at first sight conflicting data observed in these studies may find their basis in the fact that COX-2 can also drive the synthesis of anti-inflammatory cyclo-pentenone prostaglandins involved in resolution of inflammation [206] . Possibly, disease model specific kinetics of production of these regulatory PGs hamper interpretation of results presented.
In cancer therapy, COX-2 inhibitors sensitise tumour cells to apoptotic signals. Using a systematic chemical approach to synthesise a series of celecoxib and rofecoxib derivatives, Zhu and colleagues defined a new class of compounds that could induce apoptosis via interference with Akt and ERK2 signalling. This activity was independent of COX-2 inhibitory effects [207] . If induction of endothelial cell apoptosis proofs to be advantageous for resolving chronic inflammatory processes, possibly in the future this new class of compounds may be developed for inflammatory diseases as well. Lack of cell specificity of these, and other drugs discussed, may be circumvented by targeted delivery of the drugs to the inflamed endothelium, as described below. Cells were stimulated for 6 h with 100 ng/ml TNFα. Where appropriate the stimulation was carried out in the presence of 100 nM Dexamethasone. Listed genes showed at least 5 fold increased expression after TNFα stimulation and 50% reduction with the drugs tested. a Adjusted intensity is hybridisation-signal value after subtraction of the background signal.
Inhibitors of Kinase Activity to Interfere with Angiogenesis
Pharmacologic interference at the level of angiogenesis associated processes has been mostly studied for the treatment of cancer. Therapeutic intervention includes inhibition of matrix metalloproteinase activity, neutralisation of pro-angiogenic cytokines by specific monoclonal antibodies or high affinity decoy receptors, and interference with endothelial cell -extracellular matrix interaction and cell survival signalling. Furthermore, drugs that directly induce endothelial apoptosis, necrosis, or expression of antiangiogenic proteins are effective in inhibiting neovascularisation [157, 208, 209] .
Another rational therapeutic approach for the treatment of angiogenesis is blockade of the intracellular signalling pathways in the pro-angiogenic endothelium. This should lead to inhibition of endothelial cell proliferation, migration and maturation without induction of concomitant apoptotic characteristics and consequent prothrombotic and proadhesive features. Most of the kinase inhibitors have been developed for interfering with tumour cell associated signal transduction, among others those affecting PI3 kinase and protein kinase C [210, 211] . For interfering with endothelial cell angiogenic signalling, these inhibitors may prove useful as well. Yet, they have been less extensively studied than the class of RTK inhibitors. This latter group of drugs includes inhibitors of VEGF-, PDGF-, FGF-2 and Tie-2 receptor signalling that act immediately downstream of receptor dimerisation. Although specificity for angiogenesis associated receptor signalling theoretically means that they are devoid of overt toxicity in the body, clinical studies for cancer treatment suggest that drug associated toxicity may be a factor limiting their application. Studies on the exact localisation of the toxicity are awaited, yet heterogeneity in basal endothelial cell signalling status in different microvascular beds is a likely basis for these observations. Almost all reported receptor tyrosine kinase inhibitors interfere with phosphorylation of the kinase activation loop tyrosines. Inhibitors of the inactivated form of the enzyme are considered more potent than inhibitors of the activated kinase [212] . From high-throughput screening of indolinone libraries, SU-5416 and SU-6668 were identified and developed into drugs that are now in clinical testing. SU-5416 inhibited VEGF induced HUVEC proliferation in vitro in nM concentrations [213] , while SU-6668 exhibited an inhibitory effect on signalling induced by multiple growth factors, including VEGF, FGF-2 and PDGF [214] . The more recently developed indolinone SU-10944 inhibited VEGF induced Tissue Factor production in HUVEC with an IC50 of ~ 100 nM and VEGF induced neovascular growth in rat corneas. Both VEGFR-1 and VEGFR-2 inhibitory activity could be demonstrated [215] .
A certain degree of specificity in VEGFR kinase inhibitory activity is exhibited by ZD6474, although more recently an inhibitory effect on EGFR signalling in tumour cells was reported as well [216] . ZD6474 is an anilinoquinazoline with structural overlap with the anilinophthalazine receptor tyrosine kinase inhibitor PTK787 [217, 218] . ZD6474 could potently inhibit VEGF induced HUVEC proliferation (IC50 ~ 60 nM) and counteract VEGF induced hypotension in rats [219] . PTK787 and other anilino-phtalazines inhibited VEGF and FGF-2 induced angiogenesis in vitro in bovina aortic and bovine adrenal cortex-derived microvascular endothelium [220] . Intraperitoneal administration of 50 mg/kg PTK787 twice a day inhibited intimal thickening of coronary arteries in rat allograft arteriosclerosis, which was accompanied by a diminished number of arteries afflicted [221] . Another recently reported drug with proven inhibitory effects on growth factor induced signalling in endothelial cells in vitro and in vivo is CEP-7055, a dimethyl glycine prodrug [222] . The observation that hepatocyte growth factor (HGF) driven angiogenesis is PI3 kinase and MAPK controlled led Fan and colleagues to investigate the effects of PI3 kinase inhibitors wortmannin and LY294002, and MEK inhibitor PD98059 on in vivo HGF induced angiogenesis. Mice implanted with a polyether polyurethane scaffold impregnated with HGF showed a strong reduction of neovessel ingrowth into the scaffold upon local treatment with the drugs [223] . Considering its pronounced expression in lesions of inflammatory disease in endothelial cells that are actively involved in vascular remodelling [224] , the development of inhibitors with specificity for Tie-2 is awaited. Possibly, the recently reported nakijiquinone library of RTK inhibitors will provide candidate compounds for this receptor [225] .
In the treatment of cancer, inhibitors of kinases also actively influence tumour cell signal transduction. Pharmacological effects reported in tumour models therefore may represent an effect on tumour cells alone, on tumour endothelium alone, or a combined effect on both tumour cells and tumour endothelium. Depending on the expression pattern of the receptors in the various cell types involved in the pathology of inflammatory disorders, either a single or multiple target cell based effect of these drugs can be expected to occur.
Anti-angiogenic therapy not only inhibits neovascularisation, but also reverses the anergic status of the angiogenic endothelium towards facilitating leukocyte recruitment. For example, SU-6668 treatment of HUVEC rendered the endothelium more prone to TNFα stimulation to express cell adhesion molecules and to facilitate monocyte transendothelial migration [226] . A potential downside of treating chronic inflammatory conditions with angiogenesis inhibitors may therefore be an increase in leukocyte recruitment due to enhanced responsiveness of the endothelium to pro-inflammatory cytokines. Detailed in vivo studies are needed to further characterise the effects of antiangiogenic drug treatment on these processes.
Other Drugs Affecting Angiogenesis
Besides the above-described receptor tyrosine kinase inhibitors, a broad array of therapeutics with varying chemical compositions and mechanisms of action has been shown to inhibit pathologic angiogenesis. Without trying to be complete, a few examples of pre-clinical studies on treatment of chronic inflammatory conditions with drugs that exert anti-angiogenic effects are briefly discussed below.
Storgard and colleagues reported on the anti-arthritic effects of RGD peptides in rabbits. These peptides interfere at the level of endothelial cell -ECM interaction through αvβ3 integrin [227] . As such they induce anoikis, i.e., apoptosis induction by loss of interaction with the ECM. Based on the in vitro observation that apoptotic endothelial cells exert pro-coagulant behaviour and start to express adhesion molecules, deterioration of the inflammatory process might have taken place during treatment. Would this have occurred, it clearly did not exert a detrimental effect on the final outcome of the treatment.
Angiostatin, the plasminogen cleavage product that exerts anti-angiogenic activity through interference with endothelial cell proliferation and apoptosis, was recently shown to inhibit plaque angiogenesis and atherosclerosis, an effect, which was paralleled by a reduced localisation of macrophages [228] .
Both IL-10 and Rapamycin are known for their inhibitory effects on the immune system. They can, however, also influence endothelial cell behaviour in an indirect or direct manner. In mouse hind limb ischaemia, a model of hypoxia and inflammation controlled angiogenesis, the antiinflammatory cytokine IL-10 strongly controlled the angiogenic process and concomitant VEGF production [229] . Concentration as low as 10 ng/ml of Rapamycin could control HUVEC responsiveness to VEGF stimulation [230] . Furthermore, in human pulmonary artery endothelial rapamycin induced the expression of HO-1 [26] , which may subsequently counteract pro-inflammatory signal transduction, gene expression and protein functions as described.
As is the case with other inhibitors of pro-inflammatory signal transduction, in the majority of in vivo studies no experimental evidence was generated to allow the conclusion that the effects observed were a result of direct interference of the drugs with the inflammatory endothelium. The outcome of the treatment on disease activity is, however, such that drugs with anti-angiogenic effects, being either directly or indirectly inflicted, likely obtain a position as a therapeutic modality for chronic inflammation in the future.
A summary of the classes of drugs interfering with endothelial cell behaviour in inflammatory conditions as discussed above is given in Table 2 .
UNDERSTANDING ENDOTHELIAL CELL RES-PONSES TO DRUGS IN VIVO
New technological developments in molecular biology, immunology, pharmacology and other disciplines of (bio) medical research have enabled us to decipher the pathways along which vascular endothelium performs its functions in health and disease. In the majority of studies, however, isolated endothelial cells in static culture systems have been utilised. In such an experimental set up, endothelial cell lines are often the cell type of choice because of ease of handling [245] [246] [247] [248] . Yet, they may be less useful for pharmacological studies investigating e.g., complex gene expression profiles, as immortalised cells often have lost specific regulatory functions. Primary endothelial cells freshly isolated from human umbilical cord veins or arteries, human (fore)skin, or other human and non-human organs [4] do not have this drawback. Yet, primary endothelium derived from different blood vessels, and microvascular and macrovascular beds have distinct and characteristic gene expression profiles [249] , rationalising careful consideration in choosing the appropriate endothelial cell type for in vitro studies. All in vitro systems, however, have intrinsic disadvantages that can easily lead to misinterpretation of data. One trait of microvascular endothelium in organs and tissues that is difficult to mimic is the precise content of the extracellular matrix and the microenvironment that the endothelium experiences within the organ. These components are of great importance as they regulate endothelial cell behaviour. Similarly, shear stress brought about by laminar or turbulent blood flow, the latter being one of the main factors in initiation of atherosclerosis [6] , significantly affects gene expression regulation in endothelial cells [250] [251] [252] . The question therefore is justified whether the in vitro observations regarding endothelial cell behaviour and the effects of pharmacological interference in endothelial cell regulatory pathways have a predictive value for in vivo effects.
To improve understanding of endothelial cell biology, in our laboratory we developed experimental protocols to study in vivo endothelial cell gene expression profiles in health and disease, and upon pharmacological intervention. From cryostat cut sections of organs and diseased tissues endothelial cells were dissected using laser dissection microscopy. By quantitative RT-PCR, RNA levels of multiple pre-determined genes were established [253, 254] . The application of linear amplification protocols will enable us in the future to perform quantitative RT-PCR array and/or microarray analysis on the endothelial cell specific RNAs (Fig. 4) . Using this technique, a map of the complex molecular mechanisms underlying endothelial cell (dys)function in vivo can be generated, forming the basis for the identification of new targets for therapy. Besides animal tissues, human tissues can serve to study endothelial cell behaviour in vivo. By this means, interspecies differences in intracellular regulatory pathways as described for isolated endothelial cells [255] may be disclosed. In the field of drug development and target finding this will be an important step forward to bridge the gap between pre-clinical and clinical research. Furthermore, these techniques are critical to study in vivo endothelial cell responses to (targeted) drugs and the relation between endothelial gene expression profiles and disease outcome.
VASCULATURE DIRECTED DRUG TARGETING FOR SELECTIVE INTERFERENCE WITH ENDO-THELIAL CELL ACTIVATION IN INFLAMMATION
Drug delivery aims at targeting and subsequent delivery of drugs (in)to selected target cell populations to increase drug efficacy while concomitantly reducing toxicity. The word 'drug' in this respect encompasses pharmacologically active agents in its broadest sense, including chemicals, toxins, plasmids encoding therapeutic genes and small interfering RNAs, and immune effector cells, among others. Pharmaceutical companies have become strongly interested in drug delivery technologies, as "the synthesis of the medicine is only one part of the drug. Without delivery you just won't have successful treatment" [256] . In the following section, we will briefly introduce the basic principles of drug targeting, and subsequently focus on new developments in this area of research for the targeted pharmacological interference of endothelial cell activation in inflammation. For an overview of organ specific drug targeting strategies employed so far, and for in-depth reviews on specific issues, the reader is referred to [257] and special issues of Advanced Drug Delivery Reviews, the Journal of Controlled Release, and Pharmaceutical Research.
The Drug Targeting Concept
In the case of passive drug targeting / drug delivery, the drug loaded carrier is taken up by cells not specifically targeted to, including cells of the monocyte-phagocytic system (MPS). This is followed by release of the drug into the cells' interior and occasionally, the drug is released from the cells into the tissue environment or into the systemic circulation. An example of passive drug targeting is the direct administration of liposomes complexed with a plasmid encoding eNOS into rabbit coronary circulation. As a result of local transfection followed by eNOS expression, ischaemia / reperfusion induced NFκB activity, and VCAM-1 and ICAM-1 expression in the microvascular endothelium were reduced. In parallel, intramyocardial neutrophil and T lymphocyte populations were halved in the eNOS transfected hearts [258] . Another example of untargeted, passive drug delivery is the induction of remission of experimental arthritis in rats by single i.v. treatment with prednisolon-phosphate loaded, long circulating PEGylated liposomes. This effect was likely brought about by inhibition of joint associated macrophage activation and availability of the corticosteroid for other inflammatory cells in the inflamed sites upon local release [259] .
Active drug targeting / drug delivery aims at the selective delivery of drugs using targeting moieties that specifically bind to epitopes (over)expressed on the target cells only. By this means, only in the target cells intracellular concentrations of the drugs are achieved that are sufficient for a pharmacological effect while unwanted side effects elsewhere in the body are circumvented. For active drug targeting, a pharmacologically active molecule is incorporated in a (macromolecular) construct consisting of a carrier molecule, a homing ligand (this can be a separate entity or an intrinsic part of the carrier), which specifically binds to the target cells, and a drug (Fig. 5) . By including drugs in, or attaching drugs to the carrier molecule, the pharmacokinetic characteristics of the drugs are overruled by the pharmacokinetic behaviour of the carrier system. Carrier systems used for this purpose include liposomes, (recombinant) monoclonal antibodies and fragments thereof, soluble polymers, modified plasma proteins, microspheres and nanoparticles, lipoproteins, polymeric micelles, cellular systems, and viral vectors. Targeting moieties encompass peptides, antibodies and antibody fragments, and saccharide based structures, among others that specifically recognise the target epitopes on the cells aimed at [260] [261] [262] [263] [264] [265] . To analyse the expression of endothelial genes, total RNA can be isolated from a whole tissue biopsy and applied for quantitative (real time) RT-PCR using endothelial cell specific primers (upper panel). Microarray analysis with RNA isolated from a whole tissue will predominantly demonstrate gene expression patterns in non-endothelial, more abundantly present cell types, with the risk of masking gene expression of the endothelial cells. Alternatively, RNA can be isolated from endothelial cells purified by Laser Dissection Microscopy (LDM) (lower panel). The relatively small amount of RNA isolated from dissected cells can be increased using linear amplification protocols prior to microarray analysis.
Target Epitopes for Endothelial Drug Targeting in Inflammation
For endothelial cell specific drug targeting strategies, accessibility of the target epitopes is not a problem. Therefore, in theory, all carriers mentioned above could be exploited for this purpose. The longer the circulation time of the drug-carrier conjugate, the longer the exposure of the target endothelium to the conjugate will be. This may be advantageous from a point of view that the kinetics of disease induced target epitope expression may spatiotemporally differ between endothelial cell subsets in the diseased site.
The choice of the target epitope forms the basis for the selectivity of the drug targeting strategy. Ideally, target epitope expression is restricted to the endothelial cells in the inflamed lesion, thereby circumventing accumulation of the targeted drugs into non-diseased endothelium [266] . At present, one of the few molecules that have been identified to meet this selectivity requirement is E-selectin. E-selectin is absent on normal, resting endothelial cells in the (micro)vascular beds throughout the body but it becomes upregulated during an inflammatory insult. 99 Tc-labelled anti-E-selectin Fab' fragment enabled discrimination between actively inflamed and silent joints in rheumatoid arthritis patients [267] . Similarly, active lesions in patients with inflammatory bowel disease could be imaged with 111 In-labelled anti-E-selectin F(ab') 2 antibodies [268] . Concern exists regarding the presence of soluble E-selectin in the systemic circulation that can interfere with the homing of E-selectin targeted carriers. Theoretically, soluble Eselectin could function as a link leading to clearance of the E-selectin specific antibody / antibody-drug conjugate and thereby distract the drug delivery construct from its target. The data from these two studies, however, imply that the levels of soluble E-selectin in these patients are too low to affect the homing potential of the antibody molecules.
Under pro-inflammatory conditions, endothelial cells also exhibit an increased expression of the cell adhesion molecules VCAM-1 and ICAM-1. Both have been shown to be internalised [269, 270] . These molecules, however, do not meet the requirements of unique expression by activated endothelial cells. VCAM-1 is constitutively expressed by a subset of microvascular endothelium in the kidney, whereas a variety of (endothelial) cells in the body express ICAM-1. Yet, VCAM-1 and ICAM-1 may still be exploited as target epitopes for drug targeting purposes, as long as the therapeutic advantages outweigh the undesired effects of delivery of the drugs in non-target cells.
αvβ3 integrin is a macrophage associated molecule that mediates virus clearance, among others. During the angiogenic phase of a chronic inflammatory reaction αvβ3 and αvβ5 integrin are upregulated by the endothelium. αv integrin based vascular targeting has most extensively been studied in animal tumour models and cancer patients [271] . The observation that many chronic inflammatory diseases are accompanied by profound neovascularisation intensified The drug targeting conjugate consists of a carrier (e.g., a liposome, a nanoparticle, or an adenovirus), a homing ligand that specifically binds to the target epitopes (e.g., E-selectin, ICAM-1) on the endothelium, and a drug (e.g., an inhibitor of intracellular signal transduction or a plasmid encoding a therapeutic gene). After binding to the target epitope, the construct is internalised via the endocytotic pathway, with subsequent release of the drug from the conjugate in the lysosomal compartment of the cell. Availability of the drug in the desired cell compartment (e.g., cytoplasm, nucleus) is a prerequisite for its subsequent pharmacologic effects.
research efforts investigating the potentials of αv integrinbased targeting for the treatment of inflammatory conditions. EDB-Fn is a 91 amino acid domain of Fibronectin, which is inserted in the Fibronectin molecule by alternative splicing. It accumulates around neovascular structures in tissues undergoing angiogenesis. A 123 I-labelled dimeric anti-EDB-Fn single chain Fv (ScFv) antibody fragment selectively localised in aggressive tumour sites with active angiogenesis [272] . One of the advantages of this target epitope is that the molecule is identical in mouse, rabbit, and human [273] . Consequently, carrier-drug conjugates aimed at this target that are tested in animal models of disease can subsequently be applied for testing in clinical phase. In contrast, antibodies against cell adhesion molecules in one species are rarely recognising adhesion molecules in another species. By applying peptide based homing ligands conjugated to a carrier system, this drawback of antibodybased constructs aimed at adhesion molecules may in theory be circumvented. Using advanced technologies including serial analysis of gene expression and in vivo phage display, new target epitopes and targeting ligands have been put forward. Although these technologies have been most extensively applied to identify tumour growth associated angiogenic endothelium [274, 275] , also peptides recognising rheumatoid arthritis associated, synovium specific microvascular endothelium and endothelial cells residing in atherosclerotic tissue have been selected [276, 277] . Application of these ligands for vascular drug targeting is awaited.
Cellular handling of the target epitope determines the fate of the drug-carrier conjugate and of the drug after binding. Effector molecules that need to be locally active when delivered on the outside of the cell include blood coagulation inducing factors [278] , and immune effector cells that can lyse the target endothelium [279, 280] . These strategies have been exploited for therapy of solid tumours, but are likely not the appropriate effector mechanism for treatment of chronic inflammatory diseases, as they will compromise the blood supply of the inflamed tissue too extensively. More appropriate approaches encompass the delivery of drugs that interfere with intracellular signalling pathways that lead to endothelial cell activation. Intracellularly active drugs include inhibitors of the signal transduction pathways as discussed above, plasmids encoding genes or small interfering RNAs, and RNA aptamers that inhibit target molecules involved in the cell activation processes. During trafficking in the various cell compartments, the active compounds should be released from the endosomal or lysosomal vesicles and find their way to their target (i.e., kinases involved in signal transduction, cytoplasmic receptors, RNAs and / or binding proteins in the nucleus). The significance of proper intracellular trafficking emphasises that the drugs / plasmids have to possess certain characteristics to meet trafficking requirements [281] .
Endothelial Drug Targeting Strategies for Treatment of Inflammation
It is known for several years that E-selectin is an internalising ligand that routes to the lysosomes [282] . Consequently, it can be exploited for the intracellular delivery of drugs that exert their effects inside the cells, as in the lysosomes break down of the carrier and subsequent release of the drug can take place. One of the first applications of anti-E-selectin antibodies as a homing ligand for the delivery of drugs into endothelial cells was reported by Spragg et al. They conjugated anti-E-selectin antibody to different types of liposomes and demonstrated selective delivery of the cytotoxic agent doxorubicin in activated endothelium, with resultant endothelial cell death [283] . We were the first ones to show that drugs interfering with intracellular signal transduction can be delivered in a pharmacologically active form in endothelial cells without effecting cell viability [284] . We chemically conjugated the glucocorticoid dexamethasone to an anti-E-selectin antibody, resulting in the so-called Ab Esel -dexa conjugate. Using an in house prepared antibody against protein-conjugated dexamethasone, we could follow the trafficking of the conjugate inside the HUVEC after binding using ImmunoElectron Microscopy. Both the carrier protein and the Ab Eseldexa conjugate were routed into multivesicular bodies (Fig.  6) . By exploiting 125 I-labelled Ab Esel -dexa conjugate we could furthermore demonstrate that in time, the conjugate was degraded in the lysosomes of the endothelial cells (Fig.  6 ) [285] . Pharmacological effects of thus selectively delivered dexamethasone in activated endothelial cells were subsequently identified using cDNA gene expression array analyses combined with gene verification by (quantitative) RT-PCR [191] . We however, also showed using radiolabelled Ab Esel -dexa immunoconjugate and Ab Esel -PEGImmunoliposomes that the latter drug targeting construct could theoretically deliver over 1,000 fold more drug into the activated endothelium due to its superior drug loading capacity [286] . Ab Esel -dexa immunoconjugate and Ab Esel -PEG-Immunoliposomes homed to endothelium in inflamed tissue upon i.v. injection into mice with a skin delayed type hypersensitivity inflammatory reaction [286] . Both construct are now being studied for their pharmacological effects and effects on disease outcome in mouse models of chronic inflammation.
For gene therapy purposes, selective targeting to the endothelium has the advantage of good accessibility for the cargo-vehicles, in contrast to the limited accessibility of e.g., tumour cells or immune effector cells infiltrated into the tissue. Anti-E-selectin antibody -immunoliposomes were shown to be able deliver plasmid DNA into activated endothelium [287] . Also tropism of adenoviruses could be modified using a bispecific antibody combining adenovirus and E-selectin specificity [288] . We recently showed that direct conjugation of the anti-E-selectin antibody to the adenovirus is also possible, resulting in a gene delivery construct with specificity for activated endothelium in vitro and in vivo [289] . Therapeutic genes of interest for delivery into inflammatory endothelium include eNOS to reduce leukocyte infiltration by inhibiting cell adhesion molecule expression, HO-1 and dominant negative IκB to inhibit proinflammatory signalling pathways as discussed.
In contrast to the quick lysosomal routing of E-selectin and αvβ3 binding carriers, anti-ICAM-1 antibody coated nanoparticles were retained in TNFα activated HUVEC in early endosomes for a prolonged period of time before trafficking to the lysosomes. When these anti-ICAM-1 nanoparticles were loaded with the antioxidant catalase, they exerted effective protection of the HUVEC against oxidative stress [269] .
For the delivery of drugs into endothelial cells aimed at angiogenesis related target epitopes, the cyclic RGD peptide specifically binding to αvβ3/αvβ5 integrin has been extensively exploited. Systemic injection of the RGD peptide conjugated to the apoptosis inducing heptapeptide dimer D (KLAKLAK) 2 decreased signs of collagen induced arthritis in mice, with a concurrent increase in apoptosis of the synovial blood vessels [290] . The observed effects may also be brought about by a combination of inducing endothelial and macrophage apoptosis, since the low molecular weight RGD-D (KLAKLAK) 2 is likely to be taken up by this latter cell type as well. To improve blood circulation time and affinity of binding for its target receptor, RGD peptide and other peptides specific for disease associated target molecules can be conjugated to high molecular weight proteins [291, 292] . The resulting drug carriers have the advantage of higher drug loading capacity compared to peptide carriers. Alternatively, conjugation to PEGylated liposomes or artificial virus like particles or viruses can lead to a multivalent construct that binds to its target with high affinity [293] .
Many drugs under development are poorly water-soluble, and as such difficult to include in a drug-targeting construct. Immunomicelles may in this respect provide a solution to this problem [294] . Although they have not been tested in a vascular drug targeting set up, they may be suitable for this purpose, taking into consideration that they can contain a significant amount of drug and do not encounter cellular barriers to find their endothelial target. Furthermore, in the case of poorly internalising carrier molecules selective for endothelial cells in the diseased sites, conjugation with streptavidin may help to facilitate internalisation properties [295] . Alternatively, conjugation onto a protein or polymer backbone may facilitate the desired cross-linking of target molecules to trigger the internalisation process.
CONSIDERATIONS FOR THE DEVELOPMENT OF INFLAMMATORY ENDOTHELIAL DRUG TAR-GETING STRATEGIES
Although many drug targeting concepts aimed at inflammatory endothelium have been validated with respect to their targeting specificity, limited data has been provided so far on pharmacological effectiveness of the strategies under study. Not only are data on pharmacokinetic behaviour, essential for establishing proper treatment schedules, scarce [296] , immunogenicity of the drug targeting constructs should be carefully considered, as repeated administration protocols for the treatment of chronic inflammatory diseases are possibly elemental for success. Furthermore, in contrast to other cell types studied for drug targeting purposes, endothelial cells do not per se excessively internalise proteins via receptor-mediated endocytosis. Investigations describing internalisation Fig. (6) . Anti-E-selectin antibody -Dexamethasone immunoconjugate is internalised and degraded in activated endothelial cells in vitro. Using Immuno-Electron Microscopy, the immunoconjugate could be found in multivesicular bodies 1 hour after incubation with TNFα activated HUVEC. Both the anti-E-selectin antibody carrier (A) and the Dexamethasone attached to the carrier (B) were found in multivesicular structures representative of endosomal/lysosomal routing of the conjugate [284] . Degradation of the immunoconjugate could be demonstrated using radiolabeled immunoconjugate (C). After loading of TNFα activated HUVEC with 125 I-immunoconjugate, in time low molecular weight conjugate degradation products were retrieved from the culture supernatant (closed symbols). Up to 80% of the immunoconjugate was degraded in 16 hrs, while the remainder (open symbols) stayed intact [285] .
capacities of endothelial target molecules complexed with drug-carrier conjugates have not been published extensively, and data on in vivo drug-carrier conjugate internalisation capacity of endothelium are lacking. It is however likely that intracellular delivery of sufficient drug molecules can only be achieved by employing drug carriers with a high drug loading capacity. For protein based carrier molecules, high drug loading often changes the pharmacokinetic behaviour and whole body distribution of the carrier due to alterations in physicochemical features. Only if the drug is highly potent, requiring only a few drug molecules to be delivered in the endothelium to induce an effect, or if new conjugation technologies are being employed, protein carriers should be considered for vascular drug targeting. In all other cases, carriers with higher drug loading capacity, among others antibody or peptide targeted liposomes, nanoparticles and polymers, are more likely to lead to a therapeutic success.
As with regular drugs, elimination of drug targeting constructs from the body is an essential process to maintain body homeostasis. Drug targeting constructs are often cleared by macrophages in liver and spleen via scavenger receptor systems. If accessible, also other resident macrophages and MPS associated cells throughout the body may scavenge the drug targeting constructs in a non-specific way. If the drug is released in these cells in a pharmacologically active form, the drug may influence the function of these cells. This may bring about undesired or at first sight inexplicable side effects, both locally as well as systemically since resident macophages can be a source of a variety of cytokines.
CONCLUDING REMARKS
Endothelial cells are attractive target cells for pharmacological intervention of chronic inflammatory diseases. They are key players in the disease, easy accessible for (vascular targeted) drugs, and their number is limited compared to other cell types involved in maintenance of disease activity. Some key issues need to be addressed in future research, as they are vital for development of drugs and drug targeting constructs to become successful treatment modalities. The first issue in this respect is endothelial cell heterogeneity. Not only have different endothelial cell subsets in an organ different functions related to organ physiology, they also behave differently under pathophysiological stress [8, 63, 297] . The microscopically observed phenotypic differences between microvascular beds throughout the body point to differences in function that are poorly understood at present. It is likely that endothelial cell responses to drug treatment are also microvascular bed dependent.
Another issue is species-specificity in endothelial cell responses [255] , implying that extrapolation of data obtained in one species to situations in another species is hazardous. Mapping endothelial cell gene and protein expression patterns using technologies applicable to animal and human tissue biopsies is therefore fundamental for the development of new drugs.
For studying the effects of drugs on signalling pathways in endothelium it will be of importance to develop techniques that enable visualisation of the localisation of the effects in vivo. Using double-fluorescence immunostaining, Solorzano and colleagues demonstrated that phosphorylated Erk and Akt were constitutively expressed in endothelial cells in liver tumour metastases, and that SU-6668 treatment blocked activation of these signalling intermediates in the endothelium [298] . Ideally, for all proteins involved in intracellular signalling these kinds of detection methods should become available for use on both animal and human tissue biopsies.
The rapid unravelling of the molecular processes taking place during endothelial cell activation in chronic inflammatory diseases forms the basis for the development of new chemical entities that can selectively interfere with these processes. An improved understanding of the challenges ahead combined with the over four decades of experience in the drug delivery field opens the road to the development of endothelial cell directed therapeutics for clinical use. 
